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Tbjective: To characterize factors that contribute to lung function impairment after
ardiopulmonary bypass, we assessed functional residual capacity and ventilation
omogeneity during the perioperative period in children with congenital heart
isease who are to undergo surgical repair.
ethods: Functional residual capacity and lung clearance index were measured by
sing a sulfur hexafluoride washout technique in 24 children (aged 0–10 years).
easurements of functional residual capacity and ventilation distribution were
erformed after induction of anesthesia, at different stages of the surgical procedure,
nd up to 90 minutes after skin closure. Anesthesia was standardized, and ventilator
ettings, including the fraction of inspired oxygen, were kept constant throughout
he study period.
esults: Sternotomy and retractor insertion led to a significant increase in functional
esidual capacity (mean [SD], 24% [14%]), followed by a similar percentage
ecrease in the resting volume after a significant reduction in pulmonary blood flow
uring cardiopulmonary bypass with aortic clamping. Although reestablishing pul-
onary blood flow increased functional residual capacity (10% [6%]), chest closure
ed to a decrease in functional residual capacity of 36% (14%) that only slightly
mproved during the first 90 minutes after surgical intervention. Changes in lung
learance index were affected conversely compared with changes in functional
esidual capacity at all assessment times.
onclusions: These results confirmed that chest wall condition and pulmonary
irculation affect lung volumes and ventilation homogeneity. Although opening of
he chest wall improved alveolar recruitment and ventilation homogeneity, blood
ow appeared essential for alveolar stability, presumably by exerting a tethering
orce caused by the filled capillaries on the alveolar walls and therefore contributing
o an increase in resting lung volume.
any factors impair lung function after cardiopulmonary bypass (CPB).
For example, CPB affects lung function by inducing an inflammatory
response1,2 or promoting interstitial water extravasation.3 In addition,
ongenital heart disease is often associated with an impaired pulmonary hemody-
amic condition that has a great effect on the mechanical properties of the 4,5
n spite of improved perioperative ventilation strategies in children with congenital
eart disease, their ventilatory pattern and performance remain impaired in the
ostoperative period, enhancing the ventilation–perfusion mismatch.6-12 All these
henomena lead to airway closure, atelectasis, decrease in functional residual
apacity (FRC), and consecutive hypoxemia.
The tethering effect exerted by pulmonary capillary perfusion pressure on the
lveolar wall is a pathophysiologic mechanism responsible for airway closure that
he Journal of Thoracic and Cardiovascular Surgery ● Volume 134, Number 5 1193
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Dontributes to alveolar stability and greatly affects the me-
hanical properties of the lung.13 Because pulmonary per-
usion pressure changes profoundly during cardiac surgery
ith CPB, the consequent loss in the stability of the alveolar
apillary network might have a marked effect on the resting
olume and therefore gas exchange. We hypothesized that
RC and ventilation distribution would be influenced by
oth changes in chest wall condition and the pulmonary
emodynamic condition throughout a cardiac surgical pro-
edure with CPB and into the postoperative period.
aterials and Methods
fter obtaining approval by our institutional ethics committee and
arental written informed consent, 24 children (3 months–10 years
f age) undergoing cardiac surgery with CPB were consecutively
ncluded over a 6-month period. Recruitment was performed in-
ependently of the child’s cardiac pathology.
nesthesia
ll patients received 0.5 mg/kg midazolam for premedication 1
our before anesthesia. Induction of anesthesia was achieved either
y means of inhalation induction with sevoflurane (up to 5%) or
ntravenous induction with propofol (2–3 mg/kg). In the case of
nhalational induction, sevoflurane was stopped as soon as an
ntravenous access was achieved. Tracheal intubation with a cuffed
ndotracheal tube (Mircocuff; Weinheim, Germany) was facili-
ated by the application of atracurium (0.5 mg/kg), followed by
dditional boli of atracurium to ensure a complete neuromuscular
lockade during the whole study period. Analgesia was provided
y means of intravenous administration of a bolus of 0.5 g/kg
ufentanil and 0.15 mg/kg ketamine, followed by a continuous
nfusion of sufentanil and ketamine at doses of 0.5 to 1 g · kg1
h1 and 0.1 g · kg1 · h1, respectively. Anesthesia was
aintained with 8 to 10 mg · kg1 · h1 intravenous propofol,
s deemed necessary by the attending pediatric anesthesiologist.
All patients received 100% oxygen until correct tracheal intu-
ation was confirmed; then they were mechanically ventilated with
Centiva/5 critical care ventilator (Datex Ohmeda, Helsinki, Fin-
and) at a fraction of inspired oxygen (FIO2) of 0.5, a tidal volume
f 10 mL/kg body weight, and a respiratory rate adapted to an
nd-tidal carbon dioxide value of 5 kPa. The ventilator delivered a
ontinuous bypass flow that was needed to ensure an exact deliv-
ry of the tracer gas at all times. This bypass flow in the breathing
ystem created a positive end-expiratory pressure of 3 cm H2O in
he system. During the time of aortic clamping (after the FRC
easurement), all patients received continuous positive airway
Abbreviations and Acronyms
CPB cardiopulmonary bypass
Fio2  fraction of inspired oxygen
FRC functional residual capacity
LCI  lung clearance index
SF6  sulfur hexafluorideressure of 6 cm H2O, and the FIO2 was reduced to 0.21%. After a
194 The Journal of Thoracic and Cardiovascular Surgery ● Novortic declamping, a lung recruitment maneuver to total lung
apacity was performed by manually increasing the airway pres-
ure to 37 to 40 cm H2O of peak inspiratory pressure for 10
onsecutive breaths.14,15 Then mechanical ventilation was r-
tarted, as described above.
All children were equipped, according to our institutional stan-
ard, with a radial arterial line, as well as a central venous line.
eart rate, oxygen saturation, blood pressure, and central venous
ressure were monitored continuously.
ssessment Times
n patients receiving inhalational induction of anesthesia, it was
nsured that there was no further end-expiratory sevoflurane for at
east 2 minutes, as measured by using the anesthetic workstation
Draeger Primus, Luebeck, Germany). Measurements of FRC and
entilation distribution were performed (1) 5 minutes after intu-
ation, (2) after midsternotomy, (3) after insertion of the retractor,
4) after the start of CPB, (5) after aortic clamping and during the
dministration of the cardioplegic solution, (6) after aortic
eclamping but still during CPB, (7) after weaning from CPB
hile the chest was still open and the retractor was in situ, (8) after
losure of the pericardium and retractor removal, (9) 5 minutes
fter chest closure, and (10–12) 30, 60, and 90 minutes after the
nd of the operation, respectively. Three measurements were per-
ormed for each study condition, except measurement 5 (after
ortic clamping), which was limited to the application time of the
ardioplegia and therefore allowed for only 2 assessments. For all
alculations, the average value of all assessments was used.
easurement Techniques
n ultrasonic transit-time airflow meter (Exhalyzer D with ICU
nsert; Eco Medics, Duernten, Switzerland) that simultaneously
easures flow and molar mass of the breathing gas in the main-
tream was placed between the ventilator circuit and the endotra-
heal tube. The measurement setup has been previously described
n detail.16,17 Briefly, a multibreath washout technique with su
exafluoride (SF6) as the tracer gas was used to measure FRC,
hysiologic dead space volume, and lung clearance index (LCI).
CI is commonly used to measure the degree of ventilation ho-
ogeneity.18-23 LCI is calculated as the cumulative expired -
me needed to lower the end-tidal tracer gas (SF6) concentration to
ne fortieth of the starting concentration divided by the FRC (ie,
he number of lung volume turnovers needed to clear the lungs of
he marker gas).24,25 The number of volume turnovers was cal-
ated by using the cumulative expired alveolar volume.21,23 An
ncrease in LCI reflects a decrease in ventilation homogeneity.
RC, dead space, and LCI calculations were performed with
piroware software (version 1.5.2; ndd Medizintechnik AG, Zu-
ich, Switzerland).
tatistical Analysis
ample size calculations were performed with the nQuery Advisor
.0 software (Statistical Solutions Ltd, Boston, Mass). Based on
eparate pilot data, a sample size of 24 children was calculated to
etect an FRC difference of 5% between the different assessment
imes with an  error of .05 (corrected for multiple comparisons)
nd a  error of 0.1.
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DBecause the procedural data proved to be normally distributed,
s analyzed by the Shapiro–Wilk test, data are reported as means
SD). To compare the data between the different assessment times,
n analysis of variance for repeated measures was performed, and
Bonferoni test was used for post-hoc comparisons.
esults
ll 24 children (mean [SD]: 4.8 [3.3] years; 15.3 [7.7] kg;
02 [27] cm; male/female ratio, 12:12) were successfully
tudied. Table 1 shows the indications for surgical co
ion. Figures 1 and 2 depict the individual and mean 
RC and LCI changes at the different assessment times.
lthough FRC significantly improved after chest opening,
igure 1. Functional residual capacity (FRC; in milliliters per
ilogram) at the different assessment times. Data are presented
s single values and as the mean (standard deviation). *Measure-
ent is statistically significant toward baseline. #Measurement is
tatistically significant toward previous measurement, as deter-
able 1. Diagnoses of children
iagnosis No. of Patients
etralogy of Fallot 9
entricular septal defect 6
itral valve insufficiency 4
entricular septal defect, aortic
valve insufficiency
2
ortic valve insufficiency, mitral
valve insufficiency
1
itral and tricuspid valve
insufficiency
1
ulmonary valve agenesia
(absent valve)
1
otal 24ained by using analysis of variance for repeated measures.
The Journal of Thoracic)
tarting CPB and aortic clamping led to significant de-
reases in FRC (Table 2 and Figure 1). Reestablishme
ulmonary circulation was associated with a significant
ncrease in FRC. However, this was followed by a signifi-
ant decrease in FRC after removal of the retractor to close
he pericardium, with a further decrease after chest closure.
inety minutes after skin closure, the FRC improved
lightly but remained significantly lower than the baseline
alue. LCI changes (Figure 2) were converse to those
erved in FRC. Dead space volume did not change through-
ut the study period.
There was no evidence for the presence of aortopul-
onary collaterals in children who underwent preopera-
ive cardiac catheterization (children with tetralogy of
allot). In addition, although we did not measure the
enous return sucked by the vent during bypass, there
as no overflow that might have led to changing the vent
o a bigger size or increasing the speed of suction. Fi-
ally, we did not observe a flooding of the surgical field
rom the pulmonary artery itself, which further suggests
he lack of a significant aortopulmonary collateral perfu-
ion during CPB.
When separately calculating the changes in FRC in the
mall subgroups of children with cyanotic and acyanotic
esions, they reveal statistically significant differences only
igure 2. Lung clearance index (LCI) at the different assessment
imes. Data are presented as single values and as the mean
standard deviation). *Measurement is statistically significant
oward baseline. #Measurement is statistically significant toward
revious measurement, as determined by using analysis of vari-
nce for repeated measures.t the time point when CPB was initiated (P  .009).
and Cardiovascular Surgery ● Volume 134, Number 5 1195
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Discussion
he results of the present study demonstrated that the FRC
nd LCI values in children undergoing cardiac surgery
uring CPB are not only influenced by the chest wall
ondition but are also highly dependent on pulmonary blood
ow. Moreover, the decreases in FRC observed during a
eduction in pulmonary blood flow are associated with
ncreases in ventilation inhomogeneity (increased LCI val-
es) and demonstrated the beneficial role of filled pulmo-
ary capillary vessels in the maintenance of a stable alveolar
rchitecture in a clinical setting. The involvement of this
henomenon is confirmed by the systematic increases in
RC and the decreases in LCI after reestablishment of
ulmonary perfusion. Furthermore, the chest wall condition
ignificantly affected the resting volume and the ventilation
istribution.
ethodologic Issues
RC and LCI measurements were obtained by using an SF6
ultibreath washout technique that has been applied to
ntubated, mechanically ventilated children.17 The lung vol-
mes and ventilation distribution values obtained in the
resent study agree with previously reported values in
ealthy preschool children matched for age and weigh17
hese findings suggest that baseline resting static lung vol-
mes in these children with congenital heart disease were
ot significantly impaired. In the present study, the positive
nd–expiratory pressure value of 3 cm H2O, tidal volume of
0 mL/kg, and FIO2 of 0.5 were kept constant during the
able 2. Mean (standard deviation) functional residual c
ssessment times
ssessment
Functional residu
Absolute (mL) mL/kg
% Ch
ba
fter induction (baseline) 351 (222) 22.1 (5.2)
fter sternotomy without
retractor
383 (234) 24.1 (5.3) 9
pen chest with retractor 435 (274) 27.2 (6.4) 23
tart of cardiopulmonary
bypass
420 (270) 26.0 (6.3) 18
lamping of the aorta 346 (223) 21.4 (5.7) 3
eclamping of the aorta 334 (226) 20.5 (5.6) 7
eaning from cardiopulmonary
bypass
365 (245) 22.4 (6.0) 1
etractor removed, pericardium
closed
320 (206) 19.9 (5.2) 9
losed chest 263 (174) 16.4 (4.8) 25
0 min after the operation 274 (178) 17.1 (4.7) 22
0 min after the operation 280 (184) 17.5 (4.8) 20
0 min after the operation 288 (189) 18.0 (5.0) 18easurements to maintain a comparable lung volume his- c
196 The Journal of Thoracic and Cardiovascular Surgery ● Novory. After the end of the operation, the patients were kept
n the operating theater for at least 90 minutes to ensure
onstant ventilatory and anesthetic conditions. This regimen
inimized the potential bias of altered lung management on
he last recordings of FRC and LCI. Further measurements
ere difficult to obtain because the patients were then
ransferred to the pediatric intensive care unit, and most of
hem were rapidly weaned from the ventilator and extubated
ithin the following hours.
Ventilation homogeneity can be calculated by analyz-
ng the washout curve of an insoluble tracer gas (eg, SF6)
nd described by various indices.18 Among them, LCI 
sensitive parameter of ventilation homogeneity with the
dvantage of being less affected by changes in tidal or
ead space volume.18 In our study the tidal volume/FR
atio changed with changes in FRC because the tidal
olume was kept constant throughout the study period.
his potentially could have affected the degree of venti-
ation inhomogeneity measured because the LCI is not
ompletely independent of the tidal volume/FRC ratio26
owever, in spontaneously breathing healthy adults, LCI
nd mean dilution number are not sensitive enough to
easure ventilation maldistribution that occurs with a
hange of posture or a change of the tidal volume/FRC
atio.27 This indicated that factors other than changes
he tidal volume/FRC ratio, such as partially collapsed
lveoli and less well-distended distal bronchi, contribute
o the observed ventilation maldistribution (eg, after
city and lung clearance index changes at the different
acity Lung clearance index
from
e
% Change from
previous
measurement Absolute
% Change from
baseline
% Change from
previous
measurement
0 7.92 (1.2) 0 0
3) 9.7 (8.3) 7.19 (1.3) 9.40 (6.7) 9.40 (6.7)
.7) 12.6 (6.6) 6.31 (1.0) 20.2 (7.8) 11.9 (6.5)
.9) 4.35 (4.4) 6.85 (1.3) 13.5 (8.7) 8.49 (6.4)
.3) 17.9 (7.7) 9.00 (1.8) 13.7 (14.0) 31.5 (8.4)
.4) 3.64 (7.4) 9.16 (1.8) 15.4 (12.5) 2.05 (8.8)
.6) 9.70 (5.6) 8.56 (1.8) 7.70 (12.4) 6.65 (3.9)
8) 11.0 (5.0) 9.33 (1.8) 17.4 (10.8) 9.35 (5.3)
.1) 17.8 (10.3) 10.1 (1.8) 27.3 (8.9) 8.71 (5.1)
.7) 4.82 (5.6) 9.66 (1.7) 21.6 (9.3) 4.38 (4.7)
.7) 2.24 (4.2) 9.23 (1.6) 16.5 (11.7) 4.03 (7.0)
.9) 3.36 (3.7) 9.01 (1.6) 13.7 (9.8) 2.37 (2.5)apa
al cap
ange
selin
0
.7 (8.
.7 (13
.3 (13
.1 (12
.1 (10
.8 (11
.5 (9.
.8 (11
.3 (11
.6 (11hest closure).
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Dffect of Chest Wall Condition
pening of the chest by means of midsternotomy and po-
itioning of a chest retractor, while maintaining the integrity
f the pleural cavities, led to an increase in FRC of about
0%. These values agree with results from previous studies
etermining the resting volume after sternotomy and retrac-
ion in children.28,29 Changing the transpulmonary pressur
nd the chest condition enhances the tendency of the lung
arenchyma to expand, thus increasing the resting volume.
ccordingly, chest opening led to a significant (25%) de-
rease in LCI, confirming the improved ventilation homo-
eneity. These findings suggested that the chest condition
ccounted for approximately 20% of the changes in FRC
nd LCI observed at the beginning of cardiac surgery in
hildren, with half of it being attributable to the midsterno-
omy and the other half to the retractor used. At the end of
he operation, LCI changes had a converse effect to those
een at the beginning of the operation. Although the retrac-
or removal during chest closure had a similar effect on
RC, like the insertion of the retractor in the beginning, the
efinitive closure of the thorax led to a greater decrease in
RC than the gain after midsternotomy, which might be
artly attributed to the presence of chest drains, inflamma-
ion, and fluid extravasation in the lung. However, the
hanges in LCI might have been underestimated because the
easurements can be influenced by the fact that the used
F6 multibreath washout technique detects only the volume
nd ventilation distribution of the gas in the pulmonary
nits, which communicate with the airway during the period
f the measurement.
The decreases in FRC and ventilation homogeneity after
hest closure agreed with those reported in adults and only
lightly improved over the following 90 minutes, with the
ighest increase being noted in the first half hour.30 How-
ver, there was a greater tendency for smaller children to
ave larger changes in lung volumes at all assessment times.
his phenomenon can be attributed to the highly compliant
hest wall of the infant, which results in relatively low
ranspulmonary pressures at end expiration. This character-
stic is responsible for an increased tendency for collapse of
he small peripheral airways.17,31-34
ffect of Pulmonary Circulation
e found that running the CPB on a full regimen and
lamping the aorta caused a large (18%) decrease in FRC.
ecause the ventilator settings were identical before and
fter these recordings, this finding is attributed to the highly
iminished pulmonary blood flow. Additionally, just start-
ng CPB resulted in a significant decrease in FRC that might
e related to the decrease in pulmonary circulatory flow.
he observed loss in resting lung volume is the consequence
f either airway narrowing or partial collapse of the func-
ional alveolar units. v
The Journal of ThoracicLung hypoperfusion or complete absence of pulmonary
erfusion has been shown to compromise the mechanical
roperties of the lungs.13,35-38 In line with our data, in 
xperimental setting lung volumes and pulmonary mechan-
cs are highly dependent on pulmonary circulation; a de-
rease or an interruption of the pulmonary circulation re-
ults in a decrease in lung volumes and an increase in
iscous resistance and elastance of the parenchyma,
hereas the reestablishment of pulmonary perfusion leads
o a recovery of lung volumes and mechanics.13 In the
bsence of capillary pressurization, the alveolar wall
hanges into a convoluted structure, whereas the presence of
capillary blood flow stabilizes the alveolar wall and reor-
anizes the elastin fibers with normalization of the alveolar
eometry.13 In the present study it can therefore be assu
hat after a reduction in pulmonary blood flow (after aortic
lamping), the viscoelasticity of the alveoli decreased con-
ecutively, leading to a loss in the stability of the alveolar
eometry. These adverse changes in the lung periphery are
hen presumably reflected in the decreases in FRC and in the
ncreases in LCI. In accordance with this mechanism, the
eestablishment of the pulmonary circulation after weaning
rom CPB led to a significant increase in FRC and a de-
rease in LCI by restoring the stability of the alveolar wall
fter the appearance of the tethering effect exerted by the
ecommencement of pulmonary blood flow. In addition to
his mechanism, the alveolar hypocapnia induced by the
ecreased pulmonary blood flow after CPB might have
eteriorated the lung mechanics,39 contributing to a de-
reased FRC and increased LCI.
The present study is the first report of the changes in
entilation distribution before and after CPB in children.
CI increased significantly after the onset of CPB and aortic
lamping, with a partial restoration once pulmonary circu-
ation was reestablished. The loss in the tethering effect and
he subsequent decrease in the resting volume were more
eadily seen in LCI alterations than in FRC changes. Ac-
ordingly, the loss in the alveolar stability was associated
ith a marked increase in the ventilation inhomogeneity
32% increase in LCI after aortic clamping), suggesting that
he diminished pulmonary circulation did not result in atel-
ctasis but rather in a reduction of the available alveolar
unctional units. After reestablishment of the pulmonary
irculation, ventilation homogeneity increased in parallel
ith the increase in FRC, further confirming the beneficial
ffect of pulmonary blood flow on alveolar wall stability
nd leading to alveolar recruitment.
onclusions
he present study demonstrates the important role of both
hest and alveolar wall configurations for maintaining an
pen lung and for determining lung resting volume and
entilation distribution. Although opening of the chest wall
and Cardiovascular Surgery ● Volume 134, Number 5 1197
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Dmproved alveolar recruitment through changes in transpul-
onary pressure, blood flow appeared essential for alveolar
tability, presumably by exerting a tethering force caused by
he filled capillaries on the alveolar walls.
We thank all the children and their families who participated in
his study and J. Etlinger, BA, Department of Anesthesia, Univer-
ity of Basel, Switzerland, for editorial assistance.
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